! !!!!!!PKC!/Dvl2 in Wnt3a-Dependent Neurite Outgrowth
! #! homeostasis in the adult. Wnt signals control cell proliferation, differentiation, survival, motility, and polarity. They also have higher order effects on the developing embryo by regulating tissue patterning, organogenesis, and specification of the body plan (1, 2) . Wnts are particularly important in the development of the nervous system, where they contribute to neural tube closure, formation of specific brain structures, and the induction and migration of neural crest cells (3, 4) . Wnt signaling stimulates axonal remodeling, pathfinding, dendritic arborization, and neuronal connectivity in the central nervous system (5-7). Many Wnt signaling components have been implicated in neurite outgrowth (7) (8) (9) . For instance, Wnt7b induces dendritic morphogenesis in mouse hippocampal neurons via a non-canonical pathway including Dvl, Rac and JNK (10) . The gene encoding the Wnt receptor, Frizzled3 (Fzd3), is required for the development of major fiber tracts in the rostral central nervous system (11) , and targeted disruption of Fzd3 caused axonal growth and guidance defects (12) .
Derailed/Ryk is another Wnt receptor that regulates axon guidance in a variety of contexts (13) (14) (15) (16) .
Neurons have highly polarized structures and establishment of cell polarity is an essential aspect of neurite outgrowth (17) . It is widely accepted that the polarity complex consisting of atypical protein kinase C (aPKC, that is PKC isoforms PKC" or PKC#/!), Par3 and Par6 has a critical role in neuronal polarity (18) (19) (20) (21) , a process that involves neurite extension followed by the differentiation of a neurite into an axon (22). Recent studies have indicated that the aPKC/Par3/Par6 complex participates in neurite outgrowth before and after axon differentiation as well as in dendrite formation (23-25). Of note, Wnt4 attracts the outgrowth of commissural axons by a mechanism that relies on aPKC (24). Furthermore, Wnt5a promotes axon differentiation in cultured hippocampal neurons via an interaction of Dvl1 with PKC" (25).
Previously, we used an Ewing sarcoma family of tumors (ESFT) cell line, TC-32, to study Wnt3a-dependent neurite outgrowth (26). ESFT cells are small, round, and poorly differentiated with characteristics of primitive neuroectoderm (27) (28) (29) . Gene microarray data indicated that ESFT cells have expression patterns that resemble those of neuroectoderm and endothelial cells (30) . A small fraction (10-15%) of TC-32 cells have long neurites in the basal state, while Wnt3a treatment elicits neurite outgrowth in 50-75% of cells within 3 h. This response is mediated by non-canonical Wnt rather than $-catenin signaling, and involves a mechanism that requires Fzd3 and Dvl2/3 expression as well as JNK activation (26). The centrosomal localization of casein kinase 1 delta (CK1%), a kinase that phosphorylates Dvl proteins, was also shown to be necessary for neurite outgrowth (31), although the functional relevance of Dvl phosphorylation was not established.
The present study was undertaken to further delineate the mechanisms responsible for Wnt3a-dependent neurite outgrowth in ESFT cells. We determined that PKC!, but not PKC", was expressed in TC-32 cells. Wnt3a induced the phosphorylation of PKC!, and siRNA knockdown of PKC! blocked neurite extension. Furthermore, neuritogenesis was suppressed by aurothiomalate (ATM), a specific inhibitor of PKC! binding to Par6 (32). Wnt3a stimulated an association of both endogenous and FLAG-tagged wild-type (WT) Dvl2 with PKC!. However, a FLAG-tagged Dvl2 mutant with alanine substitutions at a cluster of CK1 phosphorylation sites in the C-terminal domain failed to interact with PKC!. In an accompanying manuscript (González-Sancho et al.), we demonstrated that this mutant was unable to support neurite outgrowth when expression of endogenous Dvl2/3 was suppressed. These results strongly suggest that Dvl phosphorylation at these sites is necessary for the interaction with PKC!, and reinforce the idea that the Dvl/aPKC interaction is important for Wnt-dependent neurite outgrowth. Immunofluorescent analysis-TC-32 cells were cultured in complete growth medium on 12 mm diameter glass coverslips (Fisher, Pittsburgh, PA, USA) coated with collagen. To visualize phalloidin and phospho-PKC"/!, formaldehyde fixation and staining were performed as previously described (31). Anti-phospho-PKC"/! was used at a 1:250 dilution. Double staining of phospho-PKC! and pericentrin was performed either with formaldehyde or methanol (MeOH) fixation (31). Total PKC! was detected with mouse anti-PKC! (1:500 dilution) when cells were fixed in formaldehyde and with rabbit anti-PKC" (sc-216, 1:500), which recognizes PKC!, when cells were fixed in methanol because of high background with mouse anti-PKC! antibody following methanol fixation.
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Cell imaging-Fluorescent images were collected with a Zeiss 510 LSCM, using a 63x objective (Carl Zeiss Inc., Thornton, NY, USA). Zeiss LSM image browser Version 4.0.0.157 was used for image processing, and composite figures were prepared with Adobe PhotoShop CS3 Ver 10.0.1 (Adobe Systems Inc., San Jose, CA, USA).
Quantitative analysis of neurite outgrowthStimulation of neurite outgrowth was monitored as previously described (26).
Antibodies used for Western blotting-Rabbit anti-PKC" (sc-216), mouse CK1% (sc-55553) and mouse anti-HSP70 (sc-7298) antibodies were obtained from Santa Cruz Biotechnology. Mouse anti-PKC! (cat# 610175) and mouse anti-CK1& (cat# 610445)! were from BD Transduction Laboratories. Rabbit anti-phospho-PKC"/#/! (cat# 9378), rabbit anti-PKC" (cat# 9372) and rabbit anti-Dvl2 (cat# 3216) were from Cell Signaling Technology, Inc. Mouse anti-tubulin (cat# A11126) was from Life Technologies (Carlsbad, CA, USA). Mouse anti-FLAG (M2) was from Sigma-Aldrich.
Immunoblotting-To examine the effect of Wnt3a on PKC! phosphorylation, 80-90% confluent monolayers of TC-32 cells that had been seeded in 6-or 12-well cell culture plates were serum-starved overnight. After incubation with Wnt3a for the indicated time, cells were rinsed twice with PBS, lysed with buffer and processed for SDS-PAGE and western blot analysis as previously described (26). For immunoblot analysis to verify siRNA-knockdown of endogenous proteins, TC-32 cells that had been transfected with siRNA were seeded in 6-or 12-well cell culture plates and harvested 48 h after transfection.
Immunoprecipitation-TC-32 cells were harvested with IP buffer (20mM Tris-HCl pH8.0, 10mM EDTA, 1mM EGTA, 150 mM NaCl, 0.2% Triton-X, 0.2% NP40) and cell lysates were homogenized by passing through 23 gauge syringe needles. Cell lysates were centrifuged at 20,817 x g for 15 min at 4°C. Supernatant was transferred to another tube, and protein concentration was determined. Cell lysates (1 mg) were pre-cleared by incubation with 1 µg of rabbit IgG (sc-2027, Santa Cruz Biotechnology) and 20 µl of protein A/G PLUS agarose (sc-2003, Santa Cruz Biotechnology) for 2 h at 4°C, followed by centrifugation at 20,817 x g for 10 min. At the same time, 1 µg of rabbit Dvl2 antibody and 20 µl of protein A/G agarose were combined and incubated for 2 h at 4°C with rotation in IP buffer, followed by centrifugation at 956 x g for 5 min. Pre-cleared cell lysate was combined with resuspended Dvl2 antibody/ protein A/G agarose mixture, and incubated overnight at 4°C with rotation. After 18 h, samples were washed with IP buffer 3 times, combined with sample loading buffer, heated at 95°C for 10 min and resolved by SDS-PAGE.
004656-00) and luciferase siRNA (target sequence: CGUACGCGGAAUACUUCGA) were from Dharmacon (Lafayette, CO, USA). CK1% siRNA (cat#SI00287413) and CK1& siRNA (cat#SI00287728) were from Qiagen (Valencia, CA). siRNA transfection experiments in TC-32 cells were performed with the Amaxa system (Amaxa, Cologne, Germany) according to the manufacturer's protocol, using 200 pmol of siRNA/10 6 cells, with Nucleofector R (cat# VCA-0001), program O-017. The effects of siRNA treatment were analyzed 48 h after transfection.
Recombinant DNA-pCS2+ FLAG-mDvl2 WT was kindly provided by Dr. Xi He (Harvard University). pCS2+FLAG-mDvl2 P4m (S594A, S595T, S597A, T604A) was generated by sitedirected mutagenesis according to manufacturer's protocol (Quik-Change II, Agilent Technologies, Inc. Santa Clara, CA). Mutation was verified by DNA sequence analysis in the DNA Sequencing MiniCore Facility at the National Cancer Institute. Lentiviral constructs, pCMV32 FLAG-tagged mouse Dvl2 WT and Dvl2 P4m were generated as described (González-Sancho et al., submitted manuscript).
Lentiviral expression-Lentiviral particles were prepared as previously described (31).
Statistical analysis-Except where indicated, the significance of differences in data was determined with Student's t-test. The differences were considered to be significant when p value was less than 0.05.
RESULTS

PKC! is expressed in ESFT cells and phosphorylated in response to
Wnt3a-To investigate the potential role of aPKC isoforms in Wnt3a-dependent neurite outgrowth in ESFT cells, we initially examined the expression of these proteins using antisera intended to recognize PKC" or PKC!. Immunoblotting of TC-32 cell lysates with PKC! mAb revealed a band of the expected size (74kD) (Fig 1A) . A comparable band was observed with one PKC" polyclonal antiserum, but not with another ( Fig. 1A and 1B ). To resolve this ambiguity, cells were treated with siRNA reagents specific for PKC" vs. PKC! and western blot analysis of the TC-32 lysates revealed that the bands recognized by the antibodies corresponded to PKC! (Fig. 1B) .
Incubation of TC-32 cells with recombinant Wnt3a
at 100 ng/ml stimulated the phosphorylation of PKC!, which was variably detected within 5-10 min, and consistently seen at 30 min through 3 h ( Fig. 1C and 1D ). The phospho-specific PKC"/#/! antibody was directed against T412 in PKC!, a residue in the activation loop that is phosphorylated in the activated form of the enzyme (33,34). These results suggested that exposure to Wnt3a activated PKC! in a time frame consistent with its possible function in neurite extension (26).
Intracellular distribution of phosphorylated PKC!-Confocal microscopy of TC-32 cells showed little evidence of phosphorylated PKC! (pPKC!) in control cells ( Fig. 2A , upper row). However, cells treated for 1 h with 100 ng/ml of Wnt3a displayed a punctate pattern of staining in the cell body and the neurite ( Fig. 2A, lower row) . The specificity of pPKC! immunofluorescent signal was confirmed by knockdown with PKC! siRNA (Fig. 2B) . A punctate pattern also was seen with antibody to total PKC! (Fig. 2C ) and was absent following treatment with PKC! siRNA (Fig. 2D) . Interestingly, signal for pPKC! and total PKC! exhibited a cytosolic and pericentrosomal distribution (Fig. 3A-3D ). Wnt3a treatment increased the percentage of cells with pericentrosomal pPKC! and the intensity of the stain there (Fig. 3B and data not shown) . Previously, we reported that CK1% staining was strongest at the centrosome, where it was required for neurite outgrowth induced by Wnt3a (31). While CK1% siRNA did not block PKC! phosphorylation following Wnt3a treatment, it did inhibit the pericentrosomal distribution of pPKC! (data not shown). Knockdown of both CK1% and the highly related isoform CK1& increased the basal level of phospho-PKC! in some experiments, but CK1& siRNA had no effect on the pericentrosomal localization of PKC! (data not shown).
Inhibition of PKC! expression or interaction with Par6 blocked Wnt3a-dependent neurite outgrowth-In the absence of Wnt3a approximately 10% of TC-32 cells have a neurite extending at least one cell diameter in length, and this proportion was unaffected by a negative control siRNA directed against luciferase. When cells that
had been treated with luciferase siRNA were subsequently exposed to Wnt3a (100 ng/ml) for 3 h, the percentage with a long neurite increased four-to five-fold ( Fig. 4A and 4B ). In contrast, the induction of neurite outgrowth by Wnt3a was completely abrogated in cells that had received PKC! siRNA ( Fig. 4A and 4B ). Efficient and specific knockdown of PKC! protein was confirmed by western blot analysis (Fig. 1B and  4C ). These results indicate that expression of PKC! is required for Wnt3a-dependent neurite outgrowth in TC-32 cells. Aurothiomalate (ATM) is a small molecule that disrupts the interaction of PKC! with Par6, and thereby blocks the activity of the PKC!/Par3/Par6 polarity complex (32). Using ATM at concentrations shown to inhibit the polarity complex in other cells, we observed a marked suppression of Wnt3a-dependent neurite extension without any negative impact on the viability of the cells (Fig. 5) . This reinforces the evidence from siRNA experiments that PKC! activity is necessary for neurite outgrowth in ESFT cells following Wnt3a treatment.
Wnt3a stimulated the interaction of PKC! with Dvl2-Prompted by a report that PKC" interacts with Dvl1 to mediate axonal specification in hippocampal neurons (25), we explored the possibility that Wnt3a causes an association of PKC! with Dvl. While Dvl1 protein was not detected in TC-32 cells, Wnt3a promoted the coimmunoprecipitation of endogenous PKC! with Dvl2 (Fig. 6) . After a 3 h treatment with Wnt3a (100 ng/ml), cells were lysed, and proteins were precipitated with Dvl2 antiserum and immunoblotted with anti-PKC!. Little or no PKC! was seen in the pellet from control cells, but PKC! was observed in the immunoprecipitated sample from cells that had been incubated with Wnt3a. As previously observed (31), Wnt3a treatment also elicited an upward shift in the electrophoretic mobility of Dvl2 that corresponds to Dvl2 phosphorylation (Fig. 6) . Occasionally the mobility shift was accompanied by an increase in Dvl2 band intensity, although that was not a consistent finding.
Phosphorylation-deficient Dvl2 derivative did not co-immunoprecipitate with PKC!-In a parallel study, we identified CK1 phosphorylation sites in the carboxyl-terminal domain of Dvl2 that were critical for its Wnt-induced electrophoretic mobility shift (González-Sancho et al., submitted manuscript). In contrast to Dvl2 WT, a mutant containing alanine substitutions at Ser594, Thr595, Ser597 and Thr604 (FLAG-Dvl2 P4m) was unable to rescue the neurite outgrowth phenotype when expression of endogenous Dvl was suppressed by siRNA (González-Sancho et al., submitted manuscript). This implied that phosphorylation at one or more of the sites is essential for neurite outgrowth.
To test the hypothesis that phosphorylation of these residues is required for Dvl2 interaction with PKC!, we compared the coimmunoprecipitation of PKC! with FLAG-tagged Dvl2 WT vs. Dvl2 P4m. The WT protein exhibited a slower electrophoretic mobility than the mutant protein (Fig. 7) , consistent with the former being phosphorylated, presumably by endogenous Wnt/Frizzled signaling (González-Sancho et al., submitted manuscript). Despite the fact that the mutant protein was expressed at a higher level than Dvl2 WT, PKC! only precipitated with Dvl2 WT (Fig. 7) . This result strongly suggests that Dvl phosphorylation at one or more of the four mutated sites is required for interaction with PKC!. As Dvl2 P4m was unable to substitute for native protein in the neurite outgrowth assay, this finding also implied that the interaction of PKC! with Dvl2 was necessary for Wnt3a-dependent neurite extension in ESFT cells.
DISCUSSION
!
In this report we demonstrate that PKC! is required for Wnt3a-dependent neurite outgrowth in TC-32 cells. This is consistent with earlier studies showing that aPKC was essential for commissural axon guidance induced by Wnt4, and that PKC" was necessary for axon specification in hippocampal neurons treated with Wnt5a (24,25). Ectopically expressed Dvl1 co-precipitated with PKC" and other members of the Par complex, and their association was important for axon specification (25). We also observed the coprecipitation of epitope-tagged Dvl2 with PKC!, as well as a physical association of the endogenous proteins that was stimulated by Wnt3a. Our findings indicate that a Wnt-induced phosphorylation (WIP)-deficient Dvl2 derivative with mutated CK1 phosphorylation sites in its Cterminal domain failed to precipitate with PKC!.
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This reveals a functional significance of Dvl phosphorylation at these sites that is reinforced by the inability of the mutant protein to mediate neurite outgrowth (González-Sancho et al., submitted manuscript). We propose that the interaction between Dvl2 and PKC! is required for Wnt3a-dependent neurite outgrowth in TC-32 cells, just as the Dvl1/PKC" interaction was found to be critical for axon specification in hippocampal neurons. The implied significance of Dvl phosphorylation in binding to PKC!, and in neurite outgrowth, is noteworthy because there are few instances in which Dvl phosphorylation at specific sites has been shown to be functionally important. One group reported that phosphorylation of Dvl2 at Thr206 was necessary for proper orientation of the mitotic spindle (35), and another showed that Dvl2 phosphoryation at Ser143 and Thr224 enables binding to polo-like kinase 1 to facilitate primary cilia disassembly (36). Dvl2 phosphorylation mediates binding to Ror2, although the sites of phosphorylation were not determined (37). A recent extensive analysis identified dozens of phosphorylated Ser/Thr residues in Dvl (or the Drosophila ortholog, Dsh). However, these modifications were dispensible for $-catenin and planar cell polarity signaling in the Drosophila assays (38). The present study and our accompanying report suggest that Dvl2 phosphorylation, particularly at Ser594, Thr595 and Ser597, is relevant for signaling in a Wnt/aPKC pathway.
Besides the work by Zhang et al., another group identified an interaction between Dvls and Par6, although aPKC was not reported to be part of the complex. Wnt5a stimulated Dvl/Par6 binding to the E3-ubiquitin ligases Smurf1 and Smurf2, which facilitated the ubiquitination and proteasomal degradation of Prickle, a core component of planar cell polarity signaling (39). Smurf binding was dependent on Dvl2 phosphorylation via a PY motif in the Dvl2 Cterminal domain.
The association of Dvl/Par6/Smurfs is intriguing because Smurf1 and Smurf2 are essential for neurite outgrowth and neuronal polarity, respectively, as they regulate the GTPases RhoA and Rap1B (40,41). This raises the possibility that Wnt-dependent neurite outgrowth involves protein turnover mediated by Dvl2/Par6/Smurf complexes with or without aPKC.
The pericentrosomal localization of pPKC! that we observed in TC-32 cells following Wnt3a treatment may have mechanistic relevance. CK1% also is concentrated at the centrosome where it functions in neurite extension (31). While we have not detected Dvl2 at this site, a transient substrate/kinase interaction might occur there and facilitate Dvl2/PKC! binding. Knockdown of CK1% by siRNA did not affect Wnt3a-induced PKC! phosphorylation, but it did disrupt the pericentrosomal localization of pPKC!. This suggests that CK1% might interact with pPKC! through a direct or indirect mechanism. The pericentrosomal localization of pPKC! is provocative because PKC" also was identified at the centrosome in hippocampal neurons where it promoted neurite outgrowth in a pathway that involved Aurora A, NDEL1 and the regulation of microtubule dynamics (42).
In summary, we have shown that PKC! is required for Wnt3a-dependent neurite outgrowth in the ESFT line, TC-32. Combined with its utility as a cell line, our study emphasizes the relevance of the TC-32 model for the study of Wnt-dependent neurite extension. Wnt3a stimulated PKC! phosphorylation and its distribution to the neurite and the centrosome. We believe that PKC! acts at the tip of the neurite to directly mediate protrusion through established mechanisms (18) (19) (20) (21) , while its pericentrosomal distribution might promote neurite outgrowth via effects on microtubule dynamics. We suspect that PKC! activity depends on its association with Dvl2. This interaction was blocked when four Ser/Thr residues in the C-terminal domain of Dvl2 were replaced with alanine. Our results strongly suggest that Dvl phosphorylation at these sites, particularly CK1-mediated phosphorylation at Ser594, Thr595 and Ser597, is functionally significant and reinforces the idea that Dvl/aPKC interactions have an important role in Wntdependent neurite extension. 
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